A method for the synthesis of diversely substituted 3-fluoropyridines from two ketone components is described. The reaction involves photoredox coupling of α,αdifluoro-β-iodoketones with silyl enol ethers catalyzed by fac-Ir(ppy) 3 under blue LED irradiation with subsequent one-pot condensation with ammonium acetate. Based on cyclic voltammetry studies, it was determined that α,α-difluoro-βiodoketones are reduced notably easier compared to 2,2,2-trifluoro-1-iodoethane, which may be ascribed to the influence of the carbonyl group. at 15:18:25 (UTC).
■ INTRODUCTION
The pyridine unit plays an important role in medicinal chemistry with inclusion in more than 100 approved drugs. 1 Introduction of a single fluorine atom into a molecule can significantly modify its biological properties, and this tool is frequently used during the search of active compounds. 2 In particular, while substitution of hydrogen by fluorine may incur little steric effect, the fluorine substituent can decrease basicity of a nitrogen (for example, of the pyridine fragment) or increase metabolic stability by slowing down the rate of oxidation.
Concerning fluorinated pyridines, 3 2-and 4-substituted derivatives are notably more susceptible to nucleophilic substitution of fluorine 4 compared to 3-fluoropyridines. Correspondingly, the 3-fluoropyridine fragment is a frequently utilized unit for the design of pharmaceuticals. 5 Existing methods toward 3-fluoropyridines 3 rely on substitution of the diazonium group (Balz−Schiemann reaction), 6 whereas other transformations such as electrophilic fluorination of organometallics, 7 deoxofluorination, 8 and nucleophilic fluorination (transition-metal-catalyzed, 9 iodine(III) substitution, 10 uncatalyzed halogen substitution 11 ) have been occasionally used. Several ring-forming reactions of narrow scope have also been described. 12 In this regard, reactions which provide diverse 3-fluoropyridines from readily available starting materials would be highly desirable.
Recently, we demonstrated that ketones can be easily transformed into α,α-difluoro-β-iodoketones 1 according to a halogenative difluorohomologation process 13 (Scheme 1). Herein, we report that ketones 1 can be coupled with another ketones and ammonia affording 3-fluoropyridines within one experimental step. 14 In this protocol, the key C−C bondforming event involving a reaction of the iodide 1 with silyl enol ethers is performed under photoredox conditions. The use of visible light in combination with a photocatalyst 15 is the key feature of the method.
■ RESULTS AND DISCUSSION
Because of the electron-withdrawing effect of fluorine atoms, perfluorinated compounds are good substrates for photoredox catalysis. 16, 17 In particular, photoredox-mediated alkylation of enol ethers with perfluoroalkyl iodides (R f I) 18 or with iodides bearing proximal difluoromethylene fragment (RCF 2 I) 17e were described. 19 However, moving two fluorine atoms away from iodine, as in compounds 1, would likely decrease the efficiency of the reductive radical generation step. 20 As a starting point of our work, iodide 1a and silyl enol ether 2a, both originating from acetophenone, were selected as model substrates, and their coupling was evaluated ( Table 1) . The mixture containing 0.3 mol % of an iridium complex, fac-Ir(ppy) 3 , was exposed to blue LED irradiation, and the reaction temperature was maintained at 25°C by external cooling. Acetonitrile was used as solvent for primary optimization. Propylene oxide (PO) was added as a scavenger of iodotrimethylsilane (Me 3 SiI), 17e,21 a highly reactive byproduct that can trigger side condensation reactions of diketone 3a. After 3.5 h, the expected product 3a was formed in good yield, though 19% of starting iodide 1a remained unaffected (entry 1). Rewardingly, the addition of substoichiometric amounts (0.25 equiv) of triphenylphosphine provided notable acceleration leading to complete conversion of iodide 1a (entry 2). Other photocatalysts such as Ru(bpy) 3 (BF 4 ) 2 and Eosin Y were less effective (entries 3 and 4). For further applications of ketone 3a under one-pot conditions (see below), we evaluated the photoredox coupling in dimethylformamide (DMF) as solvent. Fortunately, the reaction proceeded faster, leading to a virtually quantitative yield of the product as determined by 19 F NMR of the reaction mixture (entry 7). The phosphine has accelerating effect even in DMF, which is observable in experiments at reduced reaction time (see entries 8 and 9) . Interestingly, in DMF the reaction can work even without the iridium catalyst, albeit at a slower rate (entries 10 and 11). To purify ketone 3a, we had to recourse to preparative HPLC, since conventional flash chromatography did not allow to get rid of acetophenone formed after hydrolysis of excess of starting silyl enol ether 2a. 22 Then, the transformation of ketone 3a into fluoropyridine 4a was studied ( Table 2 ). The reaction in DMF proceeded significantly faster than in acetonitrile (entries 1 and 2), and elevated temperatures were required for complete formation of the pyridine product. 23 Finally, the optimal conditions include the use of excess of ammonium acetate without base at 120°C for 3 h. Importantly, a one-pot protocol, in which ammonium acetate was simply added to the reaction mixture from the photoredox coupling performed in DMF, afforded pyridine 4a in 90% isolated yield based on iodide 1a (entry 3). In fact, the opportunity to avoid the isolation of intermediate ketone 3a greatly simplifies the procedure. Concerning the mechanism of the pyridine ring formation, we believe that ammonia attacks at the carbonyl groups followed by temperature promoted elimination of water and dehydrofluorination.
Silyl enol ethers 2 can be obtained from ketones using a combination of chlorosilane/sodium iodide/triethylamine. 24 For some ketones, the isolation of enol ethers 2 by distillation is simple and can be performed on a gram scale, and these individual enol ethers were used for the synthesis of pyridines according to the optimized one-pot procedure (Table 3) . For the generality, the photoredox reactions were performed for a longer time (15 h), which is required for less reactive substrates.
Given that silylation is a virtually quantitative process, we decided to develop a procedure in which the crude unpurified silyl enol ether is directly involved into the synthesis of fluoropyridines (Table 4 ). The advantage of the latter protocol is that it can be conveniently performed on a millimole scale of the ketone. As follows from the results presented in Tables 3  and 4 , the reaction is quite general. Various iodides 1 bearing iodine at the primary or secondary carbon were employed effectively. The macrocyclic iodide 1g furnished product 4t featuring a bridge-type ring junction. Concerning the ketone component, methyl-substituted ketones uniformly provided good yields of 5-unsubstituted 3-fluoropyridines 4 (R 3 = H for structure 4 in the scheme of Table 4 ). The ketone can have aromatic or heteroaromatic (furyl, thienyl, pyridyl) groups. Notably, the ester group remained unaffected in the presence of ammonia (Table 4 , entry 9). The reaction of benzalacetone gave the expected product with the erosion of the double-bond geometry, which can be associated with reversible conjugate addition of ammonia under forcing conditions (Table 4 , entry 3). However, for ketones leading to enol ethers with terminally substituted double bond, the photoredox step turned out to be less predictable. Thus, enol ethers derived from α-tetralone, indanone and propiophenone afforded corresponding pyridines 4f,i,o in decreased yields of 56−60%. At the same time, in photoredox reactions of silyl enolates of cyclohexanone, cyclododecanone, and propionaldehyde, less than 25% of diketones were formed. These results may be explained by decreased reactivity of corresponding enol ethers toward addition of the fluorinated radicals. Indeed, in photoredox reactions of these enol ethers, noticeable amounts of protodeiodinated products were observed resulting from the hydrogen atom transfer to the free radicals either from allylic position of the silyl enol ether or from solvent. The proposed mechanism of photoredox reaction is shown in Scheme 2. The reduction of idodide 1 by the photoexited iridium(III) catalyst generates radical 5, which adds across the enol ether double bond. Silyloxy-substituted radical 6 is then oxidized by iridium(IV) to cation 7, which expels the silyl group leading to diketone 3.
To confirm the radical character of the process, the photoredox reaction of 1a and 2a was performed in the presence of 1 equiv of TEMPO. The desired reaction was completely blocked, as no expected product 3a was observed. Instead, a compound arising from the trapping of difluorinated radical 5 by TEMPO was detected by 19 F NMR and GC−MS. Furthermore, the interaction of the photoexcited iridium catalyst with iodoketone 1a was confirmed by Stern−Volmer fluorescence quenching experiments.
The accelerating effect of triphenylphosphine deserves a special comment. Previously, we observed such an effect, which on the basis of electrochemical data, was ascribed to reductive quenching of the excited state by the phosphine leading to a stronger reductive complex (for Ru(bpy) 3 2+ photocatalyst). 17b,25 However, for fac-Ir(ppy) 3 , the reductive quenching of the photoexited complex by triphenylphosphine seems unlikely because of the mismatch of reduction potentials (Ir(III)*/Ir(II) + 0.31 V; 26 Ph 3 P/Ph 3 P +• + 1.10 V vs SCE; see the Supporting Information for cyclic voltammetry).
Another opportunity is the formation of halogen-bonded species between iodide 1 and the phosphine followed by lightpromoted homolysis and/or reduction of C−I bond. 27 However, for an equimolar mixture of iodide 1a and triphenylphosphine, there were no signs of complex formation according to 19 F and 31 P NMR and UV−vis spectroscopy. For compound 1a, the reduction potential of −1.20 V (vs SCE) was determined by cyclic voltammetry (CV), and the CV curve of 1a was unaffected by the addition of a stoichiometric amount of triphenylphosphine. For comparison, the reduction potential of 2,2,2-trifluoro-1-iodoethane (CF 3 CH 2 I) was found to be −1.70 V. Apparently, more facile reduction of 1a relative to CF 3 CH 2 I is associated with the presence of the benzoyl group. 28 Since we could not detect associative interaction between 1a and the phosphine, the latter would likely not affect the electron transfer event. Similarly, no interaction between triphenylphosphine and silyl enol ether 2a was observed by 31 P NMR.
In summary, a convenient protocol for the synthesis of diversely substituted 3-fluoropyridines is described. The method is based on the visible-light-mediated coupling of two derivatives of ketones followed by condensation with ammonia, and the whole sequence can be performed in a one-pot manner. Given that starting difluorinated iodides themselves are readily obtained from ketones by halogenative difluorocarbene insertion, the presented method allows for assembling of the 3-fluoropyridine structure from two simple ketones.
■ EXPERIMENTAL SECTION
Dimethylformamide (under vacuum) and acetonitrile were distilled from CaH 2 and stored over MS 4A. High-resolution mass spectra (HRMS) were measured using electrospray ionization (ESI) and timeof-flight (TOF) mass analyzer. The measurements were done in a positive-ion mode (interface capillary voltage −4500 V) or in a negative ion mode (3200 V); mass range from m/z 50 to 3000. Column chromatography was carried out employing silica gel 230− 400 mesh. Precoated silica gel plates F-254 were used for thin-layer analytical chromatography visualizing with UV and/or acidic aq. KMnO 4 solution. For preparative HPLC, a reversed-phase column (C18-kromasil, 5 μ, 21.2 × 250 mm) was used. For irradiation, a strip of light-emitting diodes (2835-120LED 1M-Blue, 12 V) was used.
Compounds 1b,f 13a and 2a−f 24 were prepared according to literature procedures.
Measurement of Redox Potentials by Cyclic Voltammetry. Voltammetric studies were carried out in a temperature-controlled (25°C ) cell (V = 10 mL) under nitrogen atmosphere with a scan rate of Preparation of α,α-Difluoro-β-iodoketones 1a,c−e,g. The tube containing silyl enol ether 2 (1 mmol, 1 equiv) was evacuated and filled with argon. Then, MeCN (1 mL), Me 3 SiCF 2 Br (305 mg, 1.5 mmol, 1.5 equiv), and Bu 4 NBr (64.5 mg, 0.2 mmol, 0.2 equiv) were successively added at room temperature. The mixture was stirred for 1.5 h at 80°C, and then cooled to room temperature. Iodine monochloride (0.68 mL, 1.3 mmol, 1.3 equiv) was added, and the mixture was stirred for 10 min at room temperature. For the workup, the mixture was diluted with saturated solution of Na 2 SO 3 (8 mL), and the aqueous phase was extracted with hexane (3 × 5 mL). The combined organic layers were filtered through Na 2 SO 4 and (d, J = 7.6 Hz, 2H), 7.64 (t, J = 7.6 Hz, 1H), 7.49 (t, J = 7.7 Hz, 2H), 3.76 (t, J = 16.0 Hz, 2H) . 13 C{ 1 H} NMR (75 MHz, CDCl 3 ) δ: 186.9 (t, J = 31.3 Hz), 134. 9, 131.4, 130.3, 128.9, 115.7 (t, J = 255.1 Hz), 0.9 (t, J = 27.3 Hz) . 19 19.4 (t, 25.3 Hz) . 19 = 24.9, 22.8 Hz), 26.4, 25.6, 25.3, 24.6, 24.6, 24.2, 23.2, 21.2. 19 F NMR (282 MHz, CDCl 3 ) δ: −87.6 (d, J = 239.4 Hz, 1F), −119.4 (dd, J = 239.3, 28.7 Hz, 1F). HRMS (ESI): calcd for C 13 H 21 F 2 IONa (M + Na) 381.,497; found 381.0482.
2,2-Difluoro-1,5-diphenylpentane-1,5-dione (3a). A reaction tube with a stir bar was evacuated and filled with argon. Then, iodoketone 1a (296 mg, 1 mmol, 1 equiv), MeCN (2 mL), PPh 3 (65.5 mg, 0.25 mmol, 0.25 equiv), propylene oxide (69.6 mg, 1.2 mmol, 1.2 equiv), fac-Ir(ppy) 3 (0.2 mg, 0.003 mmol, 0.003 equiv), and silyl enol ether 2a (307 mg, 1.6 mmol, 1.6 equiv) were successively added at room temperature. The reaction vessel was irradiated with a strip of blue LED for 15 h; during irradiation, the mixture was cooled with room temperature water. The reaction mixture was quenched with water and extracted with MTBE (3 × 5 mL), and the combined organic layers were filtered through Na 2 SO 4 and concentrated under vacuum. Crude product was purified by flash chromatography (hexane/EtOAc, 15/1) followed by purification by preparative HPLC (22% water in acetonitrile, retention time 10.4 min). Yield: 230 mg (80%). White crystals. Mp: 55−56°C. 1 H NMR (300 MHz, CDCl 3 ) δ: 8.13 (d, J = 7.7 Hz, 2H), 7.96 (d, J = 7.7 Hz, 2H), 6H), 3.28 (t, J = 7.6 Hz, 2H), 2.70 (tt, J = 17.6, 7.59 Hz, 2H) . 13 C{ 1 H} NMR (75 MHz, CDCl 3 ) δ: 197.3, 189.0 (t, J = 31.0 Hz), 136.4, 134.4, 133.3, 131.8, 130.2 (t, J = 3.2 Hz), 128.7, 128.7, 128.0, 119.6 (t, J = 253.1 Hz) , 30.9 (t, J = 4.0 Hz), 28.6 (t, J = 23.3 Hz). 19 F NMR (282 MHz, CDCl 3 ) δ: −100. 8 (t, J = 17.6 Hz, 2F) . Anal. Calcd for C 17 H 14 F 2 O 2 (288.10): C, 70.83; H, 4.90. Found: C, 70.81; H, 4.85. Preparation of 3-Fluoropyridines 4 (General Procedure). Silyl Enol Ethers 2. For experiments listed in Table 3 , enol ethers 2 were obtained according to the literature procedure. 24 For experiments listed in Table 4 , the following protocol was used: Sodium iodide (420 mg, 2.8 mmol, 1.4 equiv) was placed in a tube and dried under vacuum using heat gun. After being cooled to room temperature, the tube was filled with argon. Then MeCN (2 mL), ketone (2 mmol, 1 equiv), and triethylamine (304 mg, 3 mmol, 1.5 equiv) were successively added. The mixture was cooled with an ice/water bath, and chlorotrimethylsilane (3.32 mL, 2.6 mmol, 1.3 equiv) was added at 0°C. The cooling bath was removed, and the mixture was stirred for 12 h at room temperature. Then the volatile components were evaporated under vacuum (a vacuum of about 10−20 Torr was applied with heating in a water bath at about 50°C). The solid residue was washed with hexane (3 × 15 mL) (the hexane layers were decanted and filtered through a cotton plug). The combined filtrates were concentrated under vacuum using a rotary evaporator, furnishing the crude silyl enol ether, which was used in photoredox reaction without purification.
Reaction of Iodoketones 1 with Silyl Enol Ethers 2. A reaction tube with a stir bar was evacuated and filled with argon. Then, iodoketone 1 (1 mmol, 1 equiv), DMF (2 mL), PPh 3 (65.5 mg, 0.25 mmol, 0.25 equiv), propylene oxide (69.6 mg, 1.2 mmol, 1.2 equiv), fac-Ir(ppy) 3 (0.2 mg, 0.003 mmol, 0.003 equiv), and silyl enol ether 2 [1.6 mmol of purified enol ether (Table 3) ; crude enol ether prepared from 2 mmol of ketone (Table 4 )] were successively added at room temperature. The reaction vessel was irradiated with a strip of blue LED for 15 h; during irradiation, the mixture was cooled with room temperature water. Then ammonium acetate (462 mg, 6 mmol, 6 equiv) was added, and the mixture was stirred for 3 h at 120°C and then cooled to room temperature. DMF was evaporated under reduced pressure, and the residue was purified by flash chromatography.
3-Fluoro-2,6-diphenylpyridine (4a) . Yield: 224 mg (90%). White crystals. Mp: 66−67°C. R f : 0.42 (hexane/EtOAc, 20/1). 1 8 Hz), 129.3, 129.0, 129.0, 128.9, 128.8, 128.5, 126.9, 124.9 (d, J = 21.5 Hz) , 120.1 (d, J = 4.3 Hz) . 19 1, 128.9, 128.7, 126.9, 125.1 (d, J = 21.6 Hz) , 120.5 (d, J = 4.2 Hz) . 19 F NMR (282 MHz, CDCl 3 ) δ: −126.8 (d, J = 10.8 Hz, 1F) . Anal. Calcd for C 17 H 11 ClFN (283.73): C, 71.96; H, 3.91; N, 4.94. Found: C, 71.84; H, 3.79; N, 4.87. 3-Fluoro-6-(naphthalen-1-yl)-2-phenylpyridine (4d). Yield: 170 mg (57%). White crystals. Mp: 135−136°C. R f : 0.18 (hexane/EtOAc, 25/1). 1 
